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I  1  ABSTRACT 


Experiments  have  been  carried  out  to  assay  cardiac  function  in  the  intermediate 
stage  of  endotoxin  shock.  Performance  curves  were  conducted  by  altering  afterload 
through  a  wide  range  in  order  to  compare  myocardial  work  performance,  coronary 
hemodynamics  and  cardiac  metabolism  in  both  control  and  endotoxin  shocked  dogs. 

Results  clearly  demonstrate  the  elicitation  of  heart  failure  7-9  hours  after  endotoxin, 
as  revealed  by  markedly  elevated  LVEDP,  decreased  dP/dT  and  the  necessity  of  using  an 
inotropic  agent  to  drive  the  tailing  ventricle  through  the  imposed  afterload  per¬ 
formance  curve.  The  myocardial  dysfunction  was  profound  and  generally  Irreversible 
although  temporary  restoration  of  function  was  demonstrated  by  infusion  of  a  beta 
adrenergic  stimulating  agent.  No  single  parameter  was  discovered  or  Identified 
which  would  serve  a  prognostic  value  in  predetermining  cardiac  function  prior  to 
testing  the  heart  with  work  performance  stresses.  The  cause  of  failure  has  been 
discussed. 
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Introduction 

The  serious  nature  of  bacteremic  shock  has  been  emphasized  in  a  recent 
report  which  estimates  that  70,000  deaths  each  year  result  from  bacteremia 
due  to  gram-negative  organisms  (26).  Recent  publications  in  the  clinical 
literature  (4,  24,  40),  and  results  from  experimental  studies  (7,  20,  41) 
have  implicated  heart  failure  or  myocardial  depression  in  septic  or  endo¬ 
toxin  shock.  Some  have  suggested  that  the  myocardium  fails  only  terminally 
while  others  point  out  that  depression  of  cardiac  function  may  occur  during 
the  intermediate  stages  of  shock.  Several  investigators  have  provided  data 
to  suggest  that  the  heart  is  relatively  resistant  to  endotoxin  or  its 
released  products,  during  the  early  or  intermediate  stages  of  shock  (3,  15, 
16,  17,  22,  29,  46).  The  heart  has  also  been  reported  to  be  relatively 
resistant  to  the  effects  of  hemorrhage  by  some  investigators  (8,  15,  19,  31) 
but  susceptible  to  damage  by  others  (2,  10,  20,  39).  A  complication  in 
determining  whether  the  heart  fails  as  a  pump,  or  if  cardiac  output  falls 
because  of  peripheral  pooling,  is  that  venous  return  is  reported  to  decrease 
in  various  animal  species  during  the  early  phase  of  shock  due  to  trapping 
of  blood  in  peripheral  tissues  (18,  46).  At  the  present  time  there  is  no 
available  experimental  data  which  evaluates  the  relative  contributions  of 
peripheral  and  cardiac  factors  in  the  intermediate  stage  of  shock  explain¬ 
ing  the  decrease  in  cardiac  output. 

The  purpose  of  the  present  study  is  to  attempt  to  provide  a  partial 
answer  to  this  question  by  assaying  myocardial  performance  during  the  inter¬ 
mediate  phase  of  endotoxin  shock.  Results  indicate  that  in  contrast  to 
previous  work  reported  from  this  laboratory  in  which  the  heart  performed 
normally  during  the  early  (0-4  hours)  phase  of  shock,  the  present  study 


shows  that  varying  degrees  of  myocardial  failure  are  readily  observable  at 
later  periods  following  endotoxin  administration. 


Methods 

Experiments  were  conducted  on  adult  mongrel  dogs  intravenously  anes¬ 
thetized  with  sodium  pentobarbital,  30  mg/kg.  The  basic  procedure  included 
isolating  a  left  ventricle  and  supporting  it  with  arterial  blood  from  a 
heparinized  support  animal  as  shown  in  Figure  1 ,  and  as  previously  reported 
(16,  17). 

The  control  group  consisted  of  support  animals  providing  blood  to  iso¬ 
lated  working  hearts,  without  endotoxin  administration  in  either  animal. 

The  experimental  group  was  comprised  of  support  animals  not  receiving  endo¬ 
toxin  but  supplying  blood  to  isolated  hearts  transferred  from  animals  in¬ 
jected  with  endotoxin  5-6  hours.  Responses  in  this  group  varied  greatly 
and  a  number  of  experimental  hearts  were  in  such  a  severe  state  of  failure 
that  epinephrine  had  to  be  infused  during  the  study  in  order  to  complete 
the  experiment.  Eight  experiments  at  9  hours  were  studied  and  heart  per¬ 
formances  were  compared  to  a  group  of  10  control  hearts  in  which  endotoxin 
was  not  administered.  Endotoxin  (E.  coli ,  Difco,  Detroit)  was  injected 
intravenously  into  heart  dogs  at  a  dosage  (0.3-0. 7  mg/kg)  which  caused 
death  in  app. oximately  45  per  cent  of  the  animals  in  5-6  hours,  and  the 
r  udies  with  expiring  animals  were  terminated  prior  to  transfer  Of  the 
hearts . 

During  the  equilibration  period  of  the  control  isolated  heart  (in  which 
endotoxin  was  not  administered),  aortic  pressure  was  adjusted  to  100  mmHg 
and  cardiac  output  was  set  at  76  cc/min/kg  body  weight,  based  on  the  weight 
cf  the  heart  donor  dog.  These  pressure  and  flow  values  supported  and  main¬ 
tained  left  ventricular  systolic  and  diastolic  pressure,  coronary  blood  flow. 


and  myocardial  oxygen  uptake  in  the  physiologic  ranges.  The  mean  coronary 
arterial  pressure  (afterload)  of  the  isolated  heart  was  adjusted  sequentially 
from  75-150  mmHg  in  order  to  assay  the  performance  characteristics  of  the 
left  ventricle.  Pressures  were  changed  by  adjusting  a  screw  clamp  on  the 
aortic  outflow  while  cardiac  output  was  maintained  constant.  Since  coronary 
pressure  was  controlled,  cardiac  output  and  blood  temperature  were  held  con¬ 
stant  and  arterial  and  venous  blood  samples  were  taken,  cardiac  work  perfor¬ 
mance  and  metabolic  and  hemodynamic  parameters  could  be  evaluated  at  each 
separate  afterload  (range,  100-150  mmHg).  All  parameters  reported  in  the 
study  were  steady  state  values. 

Coronary  arterial  and  venous  P02,  PCO2  and  pH  were  followed  by  utiliz¬ 
ing  an  Instrumentation  Laboratories  blood  gas  analyzer  calibrated  prior  to 
each  determination  with  known  gas  mixtures.  Oxygen  content  of  coronary 
arterial  and  venous  blood  was  measured  by  a  Van  Slyke  manometric  blood  gas 
analyzer.  Blood  temperatures  in  the  heart  were  maintained  relatively  con¬ 
stant  within  each  experimental  group  by  appropriate  adjustments  of  water 
bath  and  heating  pad  temperatures.  Simultaneously  obtained  coronary  blood 
flow  measurements  permitted  the  calculation  of  oxygen  uptake  and  carbon 
dioxide  production  from  the  product  of  coronary  flow  and  A-V  oxygen  or  carbon 
dioxide  differences. 

Stroke  work  in  gram-meters  was  calculated  from  the  formula  used  by 
others  (30): 

(MAP  -  LVEDP)  (SV)  (1 . 36 )/l 00 

where  MAP  =  mean  aortic  pressure  (mmHg);  LVEDP  =  left  ventricular  end  dias¬ 
tolic  pressure  (mmHg)  and  SV  =  stroke  volume  in  cc,  determined  by  dividing 
cardiac  output  by  heart  rate.  The  acceleration  component  of  left  ventricu¬ 
lar  stroke  work  was  disregarded  in  the  calculations  on  the  basis  that  it 


represents  less  than  1  per  cent  of  total  stroke  work  (32).  Cardiac  power 
was  calculated  and  expressed  as  work  per  second.  The  maximum  change  in 


pressure  (dP/dT  )  occurring  during  isometric  contraction  of  the  left 
ventricle  was  continuously  recorded  and  expressed  as  the  first  derivative 
of  the  pressure  rise.  Calibration  of  the  dP/dT  recording  was  carried  out 
by  analysis  of  the  slope  of  a  line  drawn  tangentially  to  the  steepest  por¬ 
tion  of  the  left  ventricular  isovolumetric  tracing  and  expressed  as  mmHg/sec 
(16). 

Electrocardiograms  were  obtained  by  placing  the  ground  lead  into  the 
moist  tissue  surrounding  the  trachea.  Lead  1  into  the  left  ventricular 
myocardium  adjacent  to  the  lower  edge  of  the  left  atrium  and  Lead  2  into 
myocardium  at  the  apex  of  the  left  ventricle. 

Coronary  blood  flow  averaged  115  cc/min/100  gms  left  vt  tricle  (weighed 
at  termination  of  the  experiments),  at  the  first  100  mmHg  coronary  pressure 
in  the  control  hearts  (N  =  10).  Oxygen  uptake  was  assumed  to  be  negligible 
in  atria  and  right  ventricle  (bypassed)  as  was  reported  by  others  (33)  and 
averaged  9.0  cc/min/100  gms  left  ventricle  at  the  first  100  mmHg  afterload 
in  the  controls  (N  =  10). 

The  mean  body  weights  for  heart  donors  in  experimental  and  control 
groups  were  5.7  and  5.1  kilograms  respectively.  The  mean  left  ventricular 
weights  of  the  experimental  and  control  hearts  were  28  and  35  gms  respec¬ 
tively.  The  range  of  body  weights  of  both  experimental  and  control  support 
animals  was  18-25  kilograms. 

Responses  of  the  experimental  hear!  .  ied  from  no  observable  failure 
in  a  few  instances  and  extensive  failure  in  others.  The  most  typical  res¬ 
ponses  have  been  selected  for  comparison  with  the  control  experiments,  and 
hemodynamic,  work  performance  and  metabolic  characteristics  have  been 
evaluated. 


Resul ts 


Figure  2  is  a  representative  control  experiment  illustrating  the 
influence  of  mean  aortic  pressure  (afterload)  on  myocardial  work  perfor¬ 
mance,  hemodynamics  and  metabolism.  Left  ventricular  end  diastolic  pres¬ 
sure  (LVEDP)  remained  relatively  constant  while  coronary  flow,  dP/dT, 
power  (work/sec),  O2  uptake  and  ZO2  production  increased  as  functions  of 
elevated  aortic  pressure  (100-150  mmHg).  This  experiment  required  approxi¬ 
mately  two  hours  from  the  first  to  the  final  100  mmHg  value  shown  on  the 
recording  and  illustrates  the  relative  stability  of  the  control  preparation. 

Figure  3  is  a  typical  example  of  the  responses  of  a  failing  heart  7-9 
hours  post-endotoxin  administration.  In  contrast  to  control  hearts,  it 
was  not  possible  to  elevate  mean  aortic  pressure  to  150  mmHg  without  pre¬ 
cipitating  massive  heart  failure.  Infusion  of  epinephrine,  1  microgram/min 
(1  ug/min),  readily  permitted  the  elevation  of  afterload  to  150  mmHg,  which 
also  resulted  in  a  marked  increase  in  coronary  blood  flow  and  in  heart  rate. 
Elevations  in  coronary  flow,  dP/dT,  power  (work/sec),  O2  uptake  and  CO2 
production  as  functions  of  an  increased  afterload  (100  to  125  mmHg),  were 
in  the  normal  range  and  indistinguishable  from  control  hearts.  LVEDP, 
however,  was  significantly  elevated  above  the  normal  heart  at  all  aortic 
pressures,  even  during  epinephrine  infusion. 

Figure  4  represents  another  type  of  response  in  which  it  was  possible 
to  increase  afterload  to  the  desired  level  of  150  mmHg,  with  concurrent 
abnormal  elevations  in  LVEDP  from  8.5  to  12.0  mmHg.  All  other  cardiac 
parameters  were  insignificantly  different  f^om  the  control  preparations 
although  LVEDP  and  dP/dT  were  notably  changed  in  the  direction  of  the  mean 
controls  during  epinephrine  infusion  (2  ug/min). 


Figure  b  illustrates  the  marked  responsiveness  of  the  coronary  circu¬ 
lation  to  elevations  in  mean  coronary  (aortic)  perfusion  pressure.  The 
i.tcan  (+  SD)  of  the  control  group  of  hearts  (N  =  10)  is  designated  by  a 
dotted  line  (+  SD).  There  were  no  significant  differences  in  flow  between 
control  and  experimental  groups  (p  0.05).  Coronary  blood  flow  increases 
nearly  300  per  cent  with  a  two-fold  increase  in  perfusion  pressure,  thereby 
signifying  a  drop  in  coronary  vascular  resistance  as  a  function  of  increased 
aortic  pressure. 

Figure  6  displays  results  of  dP/dT  measurements.  The  mean  (+  SD)  of 
the  control  group  shown  by  the  dotted  line  (+  SD,  solid  line)  shows  that 
dP/dT  values  from  failing  hearts  fall  within  the  control  series.  However, 
Figure  7  shows  that  LVEDP's  were  notably  increased  in  most  failing  hearts, 
even  those  with  epinephrine  infusion  (which  markedly  lowered  them  from 
the  existing  values).  Two  endotoxin-injected  animals  yielded  hearts  which 
failed  to  reveal  failure  even  during  the  earlier  stages  of  perfusion. 

Most  hearts  from  endotoxin-treated  dogs  exhibited  significantly  elevated 
IVtDP's.  Symbols  marked  with  "e"  were  hearts  totally  failing  unless 
epinephrine  was  continually  infused  (1-2  ug/min). 

Heart  rates  were  extremely  variable  and  no  dominant  pattern  was 
observed  in  the  failing  state  (Figure  8) .  Increases  in  rate  appeared  to 
correlate  with  increases  in  coronary  flow  (Figure  5) ,  although  one  experi¬ 
ment  (e)  demonstrated  that  a  slow  rate  may  be  associated  with  a  high  coronary 
blood  flow.  Changes  in  mean  power  (work/sec;  gm-meters/sec)  are  shown  in 
Figure  9.  The  mean  +  SD  of  control  group  illustrates  that  power  increases 
notably  when  mean  acrti<~  nre<s"r»»  •*«  elevated.  No  basic  differences  were 
regularly  seen  between  power  responses  of  the  failing  heart  and  the  controls. 


Figures  10  and  11_  provide  value:  for  oxygen  uptake  and  carbon  dioxide 
production  in  failing  and  non-failing  hearts  as  a  function  of  mean  aortic 
pressure  (afterload).  Mean  values  of  controls  (dashed  line)  (+  SD)  show 
that  O2  uptake  and  CO2  production  are  approximately  doubled  with  a  50% 
increase  in  mean  aortic  pressure.  Values  from  failing  hearts  were  not 
significantly  increased  above  control  but  average  values  were  somewhat 
greater. 

Predictive  factors  were  sought  which  hopefully  would  provide  a  diag¬ 
nostic  basis  for  predetermining  heart  failure  prior  to  carrying  out  work 
performance  curves  in  the  isolated  state.  Table  I  provides  data  on  mean 
systemic  arterial  pressure  (MSAP),  heart  rate,  pH,  hematocrit  and  rectal 
temperature  in  heart  donor  animals,  recorded  approximately  five  hours  post¬ 
endotoxin,  shortly  before  transferring  hearts  to  the  perfusion  system.  No 
clearly  distinguishable  features  between  the  two  non-failing  and  six  fail¬ 
ing  hearts  were  discernible  from  comparison  of  mean  values. 

Table  II  is  a  comparison  of  LVEDP  and  dP/dT  values  as  a  function  of 
mean  aortic  pressure  (afterload)  in  control  and  experiment  heart  studies. 
Results  suggest  that  there  is  a  relative  depression  of  cardiac  contrac¬ 
tility  in  failing  hearts,  particularly  when  it  is  considered  that  dP/dT 
should  be  increased  more  at  a  given  afterload  when  LVEDP  also  increases 
(25,44). 

Discussion 

One  of  the  most  difficult  problems  in  the  pathogenesis  of  experimental 
septic  shock  is  the  evaluation  of  myocardial  function  during  later  phases  of 
shock,  when  arterial  pressure  and  ce  'diac  output  have  been  altered  for  ex¬ 
tended  periods.  The  aim  of  the  present  study  was  to  provide  an  animal  model 


* 


with  a  dose  of  endotoxin  which  would  seriously  insult  the  animal  but  permit 
survival  of  at  least  half  of  the  animals  five  hours  after  endotoxin  admini¬ 
stration. 

In  contrast  to  previous  studies  carried  out  in  this  laboratory  which 
demonstrated  normal  cardiac  function  up  to  3  hours  post-endotoxin  (16,  17), 
the  present  work  clearly  demonstrates  the  ready  susceptibility  of  the  heart 
to  failure  if  the  time  of  shock  is  extended  to  7-9  hours.  Heart  failure, 
indicated  by  elevated  left  ventricular  end  diastolic  pressure  (LVEDP)  and 
relatively  depressed  dP/dT  values,  particularly  at  elevated  afterloads,  were 
.  jserved  in  six  of  eight  experiments.  The  failure  observed  was  generally 
profound  and  incapable  of  reversal.  Epinephrine  intervention  was  necessary 
in  some  instances  to  reverse  elevated  LVEDP's  which  had  risen  above  20  mmHg, 
but  cessation  of  infusion  led  to  abrupt  failure.  The  serious  degree  of 
failure  observed  in  most  of  the  hearts  was  considered  to  be  remarkable  since 
during  the  period  of  isolation  and  perfusion,  mean  coronary  perfusion  pres¬ 
sure  and  cardiac  output  of  each  heart  were  in  the  normal  range  and  blood  was 
continually  exchanged  with  a  large  control  non-shocked  animal.  The  net 
effect  of  these  factors  would  be  expected  to  assist  myocardial  function,  how¬ 
ever,  in  nearly  all  instances,  heart  failure  was  profoundly  irreversible, 
even  after  an  extended  period  of  perfusion  and  epinephrine  infusion. 

Another  observation  in  the  failing  heart  was  that  the  combined  effects 
of  increased  mean  aortic  pressure  (afterload)  and  LVEDP  should  have  increased 
myocardial  contractility  (25,  44)  but  dP/dT  values  on  the  average  increased 
less  than  expected  in  comparison  to  the  control,  non-shocked,  heart  prepara¬ 
tions.  Assuming  that  the  inotropic  state  of  the  failing  heart  is  constant, 
as  mean  aortic  pressure  (afterload)  is  increased,  preload  (LVEDP)  also  rises 
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and  the  resultant  effect  should  be  a  rise  in  dP/dT  greater  than  seen  in  the 
control  hearts.  Data  from  the  present  study  therefore  is  consistent  with 
the  view  that  dP/dT  decreases  in  the  failing  heart. 

The  present  finding  that  oxygen  uptake  of  the  failing  heart  is  unchanged 
from  control  hearts  appears  puzzling;  however,  studies  of  myocardial  energy 
utilization  in  heart  failure  have  yielded  conflicting  results:  Oxygen  con¬ 
sumption  has  been  found  to  be  unchanged  from  normal  or  slightly  elevated 
(42).  Since  it  appears  that  the  failing  hearts  of  the  present  study  exhibit 
a  decline  in  contractility  as  evidenced  by  a  depressed  dP/dT,  it  would 
appear  that  oxygen  uptake  might  fall.  That  such  was  not  the  case  may  be 
explained  on  the  basis  of  tne  interaction  of  opposing  factors:  An  increase 
in  LVEDP  suggests  an  augmentation  of  myocardial  wall  tension  which  should 
increase  oxygen  consumption  while  the  decrease  in  contractility  should  dimin¬ 
ish  oxygen  uptake.  The  resulting  assimilation  of  oxygen  by  myocardial 
tissue  may  therefore  be  increased,  decreased,  or  remain  unchanged  (9). 

Another  difficult  finding  to  comprehend  was  that  neither  arterial  pres¬ 
sure,  heart  rate,  pH  or  hematocrit  were  observed  to  be  predictive  factors 
in  assaying  cardiac  function  of  the  dog  p"ior  to  heart  removal.  Results  from 
tnese  studies  suggest  that  procedures  for  evaluating  left  ventricular  myocar¬ 
dial  integrity  in  the  septic  shock  patient  should  include  measurement  of 
LVEDP  with  altered  afterloads. 

It  is  clear  that  extremely  potent  factors  are  influential  in  aamaging 
the  myocardium  if  sufficient  time  is  permitted  for  their  effects.  These  are 
not  identified  at  present  although  certain  possible  mechanisms  may  have  been 
involved  in  the  pathogenesis.  Adverse  circulatory  conditions  may  have  played 
a  role  as  has  been  suggested  by  reports  of  others  (1,  3,  31,  33,  38,  39). 
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Defects  iri  the  autonomic  regulation  of  the  heart  may  have  intervened  either 
as  a  result  of  sympathetic-vagal  imbalance  (7,  13),  a  damaged  CNS  (5,  11,  14), 
or  altered  adrenergic  circulating  influences  (13,  15,  23).  Coronary  vascular 
obstruction  may  have  occurred  with  coagulation  products  lodged  in  capillaries 
(26);  decreases  in  both  oxygen  and  pH  (11),  the  circulation  of  toxic  or 
depressant  substances  (20,  21,  23,  28,  36,  37,  43,  45)  or  a  primary  cellular 
defect  (47)  may  have  been  unleashed  to  'Irreversibly  damage  the  myocardium. 

Summary 

Experiments  have  been  carried  out  to  assay  cardiac  function  in  the  inter¬ 
mediate  stage  of  endotoxin  shock.  Performance  curves  were  conducted  by  al¬ 
tering  afterload  through  a  wide  range  in  order  to  compare  n\yocardial  work 
performance,  coronary  hemodynamics  and  cardiac  metabolism  in  both  control 
and  endotoxin  shocked  dogs.  Results  clearly  demonstrate  the  elicitation 
of  heart  failure  7-9  hours  after  endotoxin,  as  revealed  by  markedly  elevated 
LVEDP,  decreased  dP/dT  and  the  necessity  of  using  an  inotropic  agent  to  drive 
the  tailing  ventricle  through  the  imposed  afterload  performance  curve.  The 
myocardial  dysfunction  was  profound  and  generally  irreversible  although  tem¬ 
porary  restoration  of  function  was  demonstrated  by  infusion  of  a  beta  adrener¬ 
gic  stimulating  agent.  No  single  parameter  was  discovered  or  identified 
which  would  serve  a  prognostic  value  in  predetermining  cardiac  function  prior 
to  testing  the  heart  with  work  performance  stresses.  The  cause  of  failure 
has  been  discussed. 


// 


References 


1.  Abel,  F.  M.,  and  Reis,  R.  L.  Effects  of  coronary  blood  flow  and  perfusion 
pressure  on  left  ventricular  contractility  in  dogs.  Circ.  Res.,  1970, 
27:961. 

2.  Albert,  H.  M. ,  Glass,  B.  A.,  and  Carter,  R.  L.  The  role  of  the  heart  in 

shock:  exsanguination  studies.  Am.  Surq. ,  1968,  34:48. 

3.  Alican,  F.,  Dalton,  M.  L.,  and  Hardy,  J.  D.  Experimental  endotoxin  shock. 
Am.  J.  Surq. ,  1962,  103:702. 

4.  Bell,  H.,  and  Thai,  A.  The  peculiar  hemodynamics  of  septic  shock. 

Postgrad.  Med.,  1970,  48:106. 

5.  Brown,  R.  S.,  Mohr,  P.  A.,  and  Shoemaker,  W.  C.  Effect  of  cerebral 
hypotension  on  the  neural  regulation  of  the  cardiovascular  system. 

Surg.  Gynec.  Obstet.,  1970,  131:436. 

6.  Cannon,  W.  B.  Traumatic  shock.  New  York,  D.  Appleton  and  Co.,  1923. 

7.  Cavanagh,  D.,  Roo,  P.  S.,  Sutton,  D.  M.  C. ,  Bhogot,  B.  D.  ,  and  Bachmann,  F. 

Pathophysiology  of  endotoxin  shock  in  the  primate.  Am.  J.  Obstet.  Gynec., 
1970,  108:705. 

8.  Chimoskey,  J.  E.,  and  Bohr,  D.  F.  Effect  of  hemorrhagic  shock  on  contrac¬ 
tility  of  papillary  muscle.  Proc.  See.  Exptl .  Biol .  Med. ,  1965,  120:4. 

9.  Coveil,  d.  W.,  Braunwald,  E.,  Ross,  Jr.,  Jr.  (et  al).  Studies  on  digitalis: 
XVI.  Effects  on  myocardial  oxygen  consumption.  J.  Clin.  Invest.,  1966, 
45:1535. 

10.  Crowell,  J.  W.,  and  Guyton,  A.  C.  Evidence  favoring  a  cardiac  mechanism 
in  irreversible  hemorrhagic  shock.  Am.  J .  Physiol  ■  ,  1961,  201:893. 

11.  Downing,  S.  E.,  Tolner,  N.  S.,  and  Gardner,  T.  H.  Influences  of  hypoxemia 
and  acidemia  on  left  ventricular  function.  Am.  J.  Physiol . ,  1966,  210:1327. 

12  Gleason,  W.  L.,  and  Braunwald,  E.  Studies  on  the  first  derivative  of  the 
ventricular  pressure  pulse  in  man.  J .  Clin.  Invest. ,  1962,  41:80. 

13.  Gloviano,  V.  V.,  and  Kiouda,  M.  A.  Myocardial  catecholamines  and  stimu¬ 
lation  of  the  stellate  ganglion  in  hemorrhagic  shock.  Am.  J .  Physiol . , 

1965,  209:751.  ‘ 

14.  Golden,  P.  F. ,  and  Jane,  J.  A.  Survival  following  profound  hypovolemia: 
role  of  heart,  lung,  and  brain.  J.  Trauma,  1969,  9:784. 

15.  Goodyer,  A.  V.  N.  Left  ventricular  function  and  tissue  hypoxia  in  irre¬ 
versible  hemorrhagic  and  endotoxin  shock.  Am.  J.  Physiol . ,  1967,  212:444. 


A 


16.  Hinshaw,  L.  B.,  Archer,  L.  T.,  Greenfield,  L.  J.,  and  Guenter,  C.  A. 
Effects  of  endotoxin  on  myocardial  hemodynamics ,  performance  and 
metabolism.  Am.  J.  Physiol.,  19671,  221:504. 

17.  Hinshaw,  L.  B.,  Greenfield,  L.  J.,  Archer,  L.  T.,  and  Guenter,  C.  A. 
Effects  of  endotoxin  on  myocardial  hemodynamics,  performance  and 
metabolism  during  beta  adrenergic  blockade.  Proc.  Soc.  Exptl .  Biol. 

Med. ,  1971  ,  137:1217. 

IP.  Hinshaw,  l.  B.,  Shanbour,  L.  L. , Greenfield,  L.  J.,  and  Coalson,  J.  J. 
Mechanism  of  decreased  venous  return  in  subhuman  primate  administered 
endotoxin.  Arch.  Surg.,  1970,  100:600. 

19.  Kim,  S.  I.,  and  Shoemaker,  W.  C.  Comparison  of  cardiorespiratory 
changes  in  surviving  and  nonsurviving  shock  dogs.  Arch.  Surg.,  1970, 
100:275. 

20.  Lefer,  Allan  M.  Role  of  a  myocardial  depressant  factor  in  the  patho¬ 
genesis  of  circulatory  shock.  Fed.  Proc.,  1970,  29:1836. 

21.  Lefer,  A.  M. ,  and  Rovetto,  M.  J.  Influence  of  a  myocardial  depressant 
factor  on  physiologic  properties  of  cardiac  muscle.  Proc.  Soc.  Exptl. 
Biol.  Med.,  1970,  134:269. 

22.  Londe,  S.  P.,  Massie,  H.  W. .Monafo,  W.  W.,  and  Barnard,  H.  R.  Risistance 
of  the  isolated  canine  heart  to  endotoxin.  Surg. ,  1967,  61:466. 

23.  Lundsgaard-Hansen,  P.,  Meyer,  C.,  Riedwyl,  H.,  and  Zierott,  G.  Cardiac 
metabolism  in  experimental  hemorrhagic  shock.  Minn.  Med. ,  1969,  52:23. 

24.  MacLean,  L.  D. ,  Mulligan,  W.  G. ,  McLean,  A.  P.  H.,  and  Duff,  J.  H. 

Patterns  of  septic  shock  in  man--a  detailed  study  of  56  patients. 

Anns.  Surg.,  1967,  166:543. 

25.  Mason,  D.  T.  Usefulness  and  limitations  of  the  rate  of  rise  of  intra¬ 
ventricular  pressure  (dP/dT)  in  the  evaluation  of  myocardial  contractility 
in  man.  Am,  J.  Cardiol.,  1969,  23:516. 

26.  McCabe,  W.  R.  Endotoxin  and  bacteremia  due  to  gram-negative  organisms. 

New  Eng.  J.  Med.,  1970,  283:1342. 

27.  McKay,  D.  G. ,  Margaretten,  W. ,  and  Csavossy,  I.  An  electron  microscope 
study  of  endotoxin  shock  in  rhesus  monkeys.  Surg.  Gynec.  Obstet.,  1967, 
124:825. 

28.  Moyo,  C.  T.  B. ,  Dossetor,  J.  B.,  and  MacLean,  L.  D.  Hemodiolysis  in  the 
treatment  of  shock.  J.  Surg.  Res.,  1964,  4:380. 

29.  Priano,  L.  L.,  Wilson,  R.  D.,  and  Trober,  D.  L.  Cardiorespiratory  altera¬ 
tions  in  unanesthetized  dogs  due  to  gram-negative  bacterial  endotoxin. 

Am.  J.  Physiol,,  1971,  220:705. 


30.  Ross,  J.,  Sonnenblick,  E.  H.,  Kaiser,  G.  A.,  Frommer,  P.  L.,  and 
Braunwald,  E.  Electroaugmentation  of  ventricular  performance  and 
oxygen  consumption  by  repetitive  application  of  paired  electrical 
stimuli.  Circ.  Res.,  1965,  16:332. 

31.  Rothe,  C.  F.,  and  Selkurt,  E.  E.  Cardiac  and  peripheral  failure  in 
hemorrhagic  shock  in  the  dog.  Am.  J.  Physiol . ,  1964,  207:203. 

32.  Sarnoff,  S.  J.,  and  Berglund,  E.  Ventricular  function.  I.  Starling's 
Law  of  the  Heart  studied  by  means  of  simultaneous  right  and  left  ventri¬ 
cular  function  curves  in  the  dog.  Circ . ,  1954,  9:706. 

33.  Sarnoff,  S.  J.,  Braunwald,  E.,  Welch,  G.  H.,  Jr.,  Case,  R.  B.,  Stainsky, 

W.  N.,  and  Macruz,  R.  Hemodynamic  determinants  of  oxygen  consumption 

of  the  heart  with  special  reference  to  the  tension-time  index.  Am.  J. 
Physiol.,  1958,  192:148. 

34.  Sarnoff,  S.  J.,  Case,  R.  B.,  Waithe,  P.  E.,  and  Issacs,  J.  P.  Insuf¬ 
ficient  coronary  flow  and  myocardial  failure  as  a  complicating  factor 
in  late  hemorrhagic  shock.  Am.  J.  Physiol.,  1954,  176:439. 

35.  Selkurt,  E.  E.  Status  of  investigative  aspects  of  hemorrhagic  shock. 

Fed.  Proc.,  1970,  29:1832. 

36.  Shorr,  E.,  Zweifach,  B.  W. ,  and  Furchgott,  R.  F.  On  the  occurrence, 
sites  and  modes  of  origin  and  destruction,  of  principles  affecting  the 
compensatory  vascular  mechanisms  in  experimental  shock.  Sck  ,  1945, 
102:489. 

37.  Shorr,  E.,  Zweifach,  B.  W.,  Furchgott,  R.  F. ,  and  Baez,  S.  Hepator- 
renal  factors  in  circulatory  homeostasis.  Ci rc . ,  1951  ,  3:42. 

38.  Siegel,  H.  W.,  and  Downing,  S.  E.  Contributions  of  coronary  perfusion 
pressure,  metabolic  acidosis  and  adrenergic  factors  to  the  reduction  of 
myocardial  contractility  during  hemorrhagic  shock  in  the  cat.  Circ. 

Res.  ,  1970,  27:875. 

39.  Siegel,  H.  W.,  and  Downing,  S.  E.  Reduction  of  left  ventricular  contrac¬ 
tility  during  acute  hemorrhagic  shock.  Am.  J.  Physiol . ,  1970,  218:772. 

40.  Siegel,  J.  H.,  Greenspan,  M. ,  and  Del  Guercio,  L.  R.  M.  Abnormal  vascular 
tone,  defective  oxygen  transport  and  myocardial  failure  in  human  septic 
shock.  Ann.  Surg. ,  1967,  165:504. 

41.  Solis,  R.  T.,  and  Downing,  S.  E.  Effects  of  E.  coli  endotoxemia  on  ven¬ 
tricular  performance.  Am.  J.  Physiol.,  1966,  211 : 307 . 

42.  Sonnenblick,  E.  H.,  Ross,  J.,  Or.,  and  Braunwald,  E.  Oxygen  consumption 
of  the  heart:  Newer  concepts  of  its  multi factoral  determination.  Am.  J. 
Cardiol.,  1968,  22:328. 


43.  Thalinger,  A.  R.,  and  Lefer,  A.  M.  Cardiac  actions  of  a  myocardial 
depressant  factor  isolated  from  shock  plasma.  Proc.  Soc.  Exptl .  Biol. 
Med. ,  1971,  136:354. 

44.  Wallace,  A.  G.,  Skinner,  N.  S.,  Jr.,  and  Mitchell,  0.  H.  Hemodynamic 
determinants  of  the  maximal  rate  of  rise  of  left  ventricular  pressure. 
Am.  J.  Physiol.,  1963,  205:30. 

45.  Wagensteen,  S.  L.,  deHoll,  J.  D.,  Kiechel,  S.  F.,  Martin,  J.,  and 
Lefer,  A.  M.  Influence  of  hemodialysis  on  a  myocardial  depressant 
factor  in  hemorrhagic  shock.  Surg. ,  1970,  67:935. 

46.  Weil,  M.  H.,  MacLean,  L.  D.,  Visscher,  M.  B.,  and  Spink,  W.  W.  Studies 
on  the  circulatory  changes  in  the  dog  produced  by  endotoxin  from  gram¬ 
negative  microorganisms.  J.  Clin.  Invest. ,  1956,  35:1191. 

47.  Wright,  C.  J.,  Duff,  J.  H.,  McLean,  A.  P.  H.,  and  MacLean,  L.  D. 
Regional  capillary  blood  flow  and  oxygen  uptake  in  severe  sepsis. 

Surg.  Qynec.  Obstet.,  1971,  132:637. 


Table  I. 

Measurements 

in  Intact  Heart 

Donor  Animals 

Five  Hours  Post- 

■Endotoxin* 

Experiment 

No. 

MSAP** 

(mmHg) 

Heart  Rate 
(min) 

pH 

Hematocrit 

Rectal 

Temperature 

m 

Non-fai 1 inq: 

1 

112 

130 

7.30 

38 

40.3 

2 

125 

140 

7.36 

31 

40.0 

Failing 

1 

75 

151 

7.23 

-- 

38.0 

2 

130 

150 

7.28 

40 

39.2 

3 

132 

140 

7.44 

37 

41.0 

4 

85 

140 

7.15 

38 

38.2 

5 

101 

210 

7.09 

-- 

43.0 

6 

80 

110 

7.23 

53 

32.8 

*Last  values  recorded  before  commencing  surgery  to  transfer  heart  to  perfusion  system 

**MSAP  =  Mean  systemic  arterial  pressure 


